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SUMMARY 

. 

During t h i s  r e p o r t  p e r i o d ,  w e  changed o u r  aqueous 
s t a t i c  t e s t  method from one of c u r r e n t  t o  one o f  v o l t a g e  r e g u l a t i o n .  
The new method more c l o s e l y  approximates  t h e  c o n d i t i o n s  p r e s e n t  i n  
dynamic t e s t s .  

Because of reduced  g a s s i n g ,  a n  expanded magnesium anode i s  
n o t  a n e c e s s i t y  when aqueous MgBr2 e l e c t r o l y t e  i s  used .  

E l e c t r o l y t e  s t u d i e s  i n d i c a t e  t ha t  i t  i s  t h e  amount of water, 
n o t  a c i d ,  t h a t  l i m i t s  t h e  ca thode  r e a c t i o n .  E l e c t r o l y t e  added 
th rough  t h e  anode was u t i l i z e d  more e f f i c i e n t l y  t h a n  t h a t  added 
th rough  t h e  ca thode  mix. 

The ca thode  mix compositon was a l t e r e d  i n  a number of ways 
i n  an  a t t e m p t  t o  r educe  t h e  amount of  e l e c t r o l y t e  n e c e s s a r y  f o r  
c e l l  o p e r a t i o n .  Neither a d e c r e a s e  i n  t h e  p e r c e n t  Shawinigan 
a c e t y l e n e  b l a c k  (SAB)  u s e d , n o r  p a r i t a l  rep lacement  of  SAB w i t h  a 
more d e n s e  g r a p h i t e  material  a p p r e c i a b l y  changed c e l l  e l e c t r o l y t e  
r e q u i r e m e n t s .  The c u r r e n t  minimum i s  c a .  3 grams o f  e l e c t r o l y t e  
p e r  gram of ca thode  mix. The i n c o r p o r a t i o n  o f  e l e c t r o l y t e  s a l t s  
( A l C 1 3 ,  MgBr2) i n t o  a ca thode  mix i n c r e a s e d  w e t t i n g  p r o p e r t i e s ,  
b u t  d i d  n o t  r e d u c e  t h e  volume of  water n e c e s s a r y  t o  a c t i v a t e  t h e  
c e l l .  I n  some a d d i t i o n ,  a c t i v e  c h l o r i n e  l o s s e s  i n c r e a s e d .  In-  
c r e a s e d  c e l l  per formance  was observed  when carbon f ibe r s  were 
r e p l a c e d  by paper  p u l p  i n  t h e  ca thode  mix. 

Energy d e n s i t i e s  up t o  88 w a t t - h r / l b  have been  o b t a i n e d  i n  
s t a t i c  t e s t s  w i t h  Mg/MgBr2/ACL-85@ c e l l s  r u n  a t  2 . 0  v o l t s  and 
0 . 1 1  amp/in2. 

Our i n i t i a l  l i q u i d  ca thode  exper iment  u t i l i z e d  a Mg/MgBr2/Br2 
tape  c e l l .  An energy  d e n s i t y  o f  39 w a t t - h r / l b  was o b t a i n e d  a t  a 
v e r y  l o w  coulombic e f f i c i e n c y  ( 1 8 % ) .  O p t i m i z a t i o n  of  t h i s  s y s t e m  
shou ld  r e s u l t  i n  t h e  p roduc t ion  of h i g h  energy  d e n s i t i e s .  

Non-aqueous expe r imen t s  i n  LiC104-methyl fo rma te  e l e c t r o l y t e  
have  shown ACL-7.OWto be more u s e f u l  as a d e p o l a r i z e r  t h a n  ACL-85 
or CuF2. Energy d e n s i t i e s  i n  t h e  Li /LiC104(MF)/ACL-70 s y s t e m  
were improved by t h e  r e d u c t i o n  o f  t h e  amount of  carbon b l a c k  i n  
t h e  c a t h o d e  mix t o  1 2 % .  R e p r o d u c i b i l i t y  problems appear t o  b e  
t h e  r e s u l t  of  poor  c e l l  component c o n t a c t s .  An energy  d e n s i t y  o f  
144 watt-hr/ib has been o b t a i n e d  from the LiiACL-70 s y s t e m .  
mum e l e c t r o l y t e  s t a t i c  c e l l  h o l d e r s  were des igned  and t e s t e d  f o r  
b o t h  aqueous and non-aqueous work .  
i n c r e a s e d  c o n s i d e r a b l y .  

t e s t  a p p a r a t u s .  F r i c t i o n  problems shou ld  b e  minimized w i t h  t h i s  
sys t em.  

Mini- 

Data q u a l i t y  and r e p r o d u c i b i l i t y  

A r o l l i n g  c u r r e n t  c o l l e c t o r  has been c o n s t r u c t e d  f o r  t h e  dynamic 

i i i  
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I .  I N T R O D U C T I O N  

A .  B A C K G R O U N D  

t '  

T h i s  work i s  a c o n t i n u a t i o n  o f  r e s e a r c h  per formed under  
C o n t r a c t s  NAS3-2777 and NAS3-4168. During t h e  i n i t i a l  program 
(NAS3-2777) t h e  f e a s i b i l i t y  o f  t h e  Dry Tape Concept was demon- 
s t ra ted  u s i n g  a d i v a l e n t  s i l v e r  ox ide -coa ted ,  porous  p o l y p r o p y l e n e  
t a p e  t h a t  was drawn between two c u r r e n t  c o l l e c t o r s .  One c u r r e n t  
c o l l e c t o r  was a z i n c  b l o c k  that  a l s o  s e r v e d  as  t h e  anode.  The 
c a t h o d e  c u r r e n t  c o l l e c t o r  was a t h i n  s i l v e r  p l a t e .  E l e c t r o l y t e  
was s u p p l i e d  by a second tape  p rewe t t ed  w i t h  e l e c t r o l y t e  and 
s t o r e d  separately ( " d u a l  tape s y s t e m " ) .  The sys t em was a c t i v a t e d  
by b r i n g i n g  t h e  two tapes t o g e t h e r  just p r i o r  t o  t h e i r  e n t r y  i n t o  
t h e  c u r r e n t  c o l l e c t o r  zone.  The tapes  were d r i v e n  by a s p r i n g -  
wound motor ,  c o n t a i n e d  i n  a s e p a r a t e  hous ing .  Wi th in  t h i s  hous ing  
was a n  o u t p u t  m e t e r i n g  and l o a d  s e c t i o n .  Four such  d r i v e  h o u s i n g s ,  
t o g e t h e r  w i t h  20 t ape  d e c k s ,  were s u p p l i e d  to NASA f o r  d e m o n s t r a t i o n .  
I n  c o n t i n u o u s  o p e r a t i o n ,  s i l v e r  p e r o x i d e  u t i l i z a t i o n s  o f  o v e r  90% 
were o b t a i n e d  a t  c u r r e n t  d e n s i t i e s  of  1 amp/ in .2 .  

I n  t h e  fol low-on program (NAS3-4168), t h e  " d u a l  t ape  system" 
u s i n g  t h e  e s t ab l i shed  b a t t e r y  coup le ,  AgO/KOH/Zn, was r e p l a c e d  by 
a s i n g l e  t a p e  c o n f i g u r a t i o n  u s i n g  a t h i n  f o i l  magnesium anode and 
c a t h o d e  c o a t i n g s  c o n t a i n i n g  nonconduct ing ,  h i g h e r  energy  o r g a n i c  
( d i n i t r o b e n z e n e ,  p i c r i c  a c i d ,  trichlorotriazlnetrione) and i n -  
o r g a n i c  ( p o t a s s i u m  meta -pe r ioda te )  d e p o l a r i z e r s .  E f f i c i e n t ,  h i g h  
d r a i n  r a t e  d i s c h a r g e  of  these  ca thode  mater ia ls  was a c h i e v e d  
t h r o u g h  u s e  of t h e  " t h i n  p l a t e  tape e l e c t r o d e "  c o n f i g u r a t i o n .  
The s i n g l e  tape  c o n f i g u r a t i o n  was op t imized  f o r  t h e  sys tem,  Mg/ 
2MAlC13;0.5M H C l / K I 0 4 .  Up to 80% K I O 4  u t i l i z a t i o n  was a c h i e v e d  
w i t h  a c e l l  v o l t a g e  of  2 . 2  v o l t s  a t  a c u r r e n t  d e n s i t y  o f  0 .5  
amp/in.2 w h i l e  i n  a moving c o n f i g u r a t i o n .  I n  a d d i t i o n ,  t o  tape  
e l e c t r o d e  c o n f i g u r a t i o n  development ,  methods o f  e l e c t r o l y t e  
i n c a p s u l a t i o n  and tape  a c t i v a t i o n  were d e v i s e d .  Also,  t e c h n i q u e s  
f o r  s u p p l y i n g  m u l t i p l e  c e l l  v o l t a g e ,  p a r a s i t i c  d r i v e ,  and c o n t i n -  
uous  c o a t e d  tape  manufac tu re  were developed .  E a r l y  i n  t h i s  p r e s e n t  
c o n t r a c t ,  a new aqueous t ape  coup le ,  based on magnesium and tri- 
c h l o r o t r i a z i n e t r i o n e  (ACL-85@) i n  a c i d i c  e l e c t r o l y t e ,  was deve loped .  
S t a t i c  c e l l s  o p e r a t e d  r o u t i n e l y  a t  2 . 4  v o l t s  and 0.5amp/in2.  
Cathode e f f i c i e n c i e s  were h i g h  (70-80%) b u t  e r a t i c .  Energy den- 
s i t i e s  o f  300 w a t t - h r / l b  o f  t a p e  s y s t e m  ( e x c l u d i n g  e l e c t r o l y t e )  
were o b t a i n e d .  The v a r i a t i o n s  i n  ca thode  e f f i c i e n c i e s  were 
t r a c e d  t o  t h e  u s e  of an  a c i d i c  e l e c t r o l y t e ,  a n e c e s s i t y  f o r  h i g h  
cu r re f i t  der?s i t ies .  A t  low p H ,  c h l o r i n e  z v ~ l i i t i o ~ i  o c c u r r e d  re- 
d u c i n g  t h e  a v a i l a b l e  a c t i v e  c h l o r i n e  c o n t e n t .  A change t o  a 
d i f f e r e n t  a c i d i c  e l e c t r o l y t e  helped,  b u t  d i d  n o t  comple t e ly  re-  
s o l v e  t h e  problem. It was de termined  t h a t  c a t h o d e  decompos i t ion  
c o u l d  b e  avo ided  if n e u t r a l  e l e c t r o l y t e s  were used .  
anode  g a s s i n g  was r educed .  Lower c u r r e n t  d e n s i t i e s ,  however, 
were n e c e s s a r y  w i t h  t h e  n e u t r a l  s y s t e m  because  of  c o n c e n t r a t i o n  

I n  a d d i t i o n ,  

L 



1 -  

p o l a r i z a t i o n  e f f e c t s .  
c i e s  were o b t a i n e d  a t  2.0 v o l t s  and 0 . 0 5  amp/in2. 

s t u d i e s ,  o u r  non-aqueous r e s e a r c h  has emphasized t h e  Li/LiCl04- 
methylformate/ACL t a p e  c e l l s .  These c e l l s  r u n  a t  3 .2  v o l t s  and 
0 .05  amp/in2.  The major  development problems a s s o c i a t e d  w i t h  
t h i s  sys t em i n v o l v e  t h e  d i f f i c u l t y  i n  u t i l i z i n g  more t h a n  one 
a c t i v e  c h l o r i n e  from t h e  ACL molecule ,  and t h e  low b o i l i n g  p o i n t  
(32OC) of t h e  e l e c t r o l y t e  s o l v e n t .  

S i x t y  t o  s e v e n t y  p e r  c e n t  c a t h o d e  e f f i c i e n -  

A s  a r e s u l t  o f  p r e l i m i n a r y  anode ,  ca thode  and e l e c t r o l y t e  

B. FOURTH QUARTER O B J E C T I V E S  

1. TASK I. H i g h  E n e r g y  E l e c t r o d e  R e s e a r c h  

a .  Cathode Research  

(1) O p t i m i z e  and s t a n d a r d i z e  t h e  ACL-85 c a t h o d e  f o r  
n e u t r a l  aqueous e l e c t r o l y t e  sys t ems .  

T e s t  L i O C l  as a n  o x i d i z i n g  a g e n t  i n  b o t h  aqueous 
and nonqueous sys t ems .  

( 2 )  

( 3 )  Begin l i q u i d  ca thode  s t u d i e s .  

( 4 )  Opt imize t h e  ACL-70 nonaqueous c a t h o d e .  

b .  Anode Research  

(1) 

( 2 )  

I n v e s t i g a t e  Be as a n  anode mater ia l .  

I n v e s t i g a t e  a 4 : 6  Li-Mg a l l o y .  

2.  T A S K  11. Tape C e l l  E v a l u a t i o n  

a.  E l e c t r o l y t e  S t u d i e s  

(1) 

( 2 )  

Get q u a n t i t a t i v e  e l e c t r o l y t e  r equ i r emen t  data 
f o r  b o t h  aqueous and nonaqueous sys t ems .  

S tudy  t h e  i n c o r p o r a t i o n  o f  e l e c t r o l y t e  s a l t s  
into t h e  ca thode  mix. 

( 3 )  T e s t  aqueous a c i d i c  f l u o r i d e  e l e c t r o l y t e s .  

b .  Tape Ce l l  P r e p a r a t i o n  

(1) 

( 2 )  

Prepare uni form machine made t a p e s .  

Optimize t h e  p r e p a r a t i o n  o f  t a p e s  f o r  s t a t i c  
t e s t s .  

.-\ 
c_ 



c . Dynamic Testing 

(1) Conduct dynamic electrolyte requirement 
evaluations 

3 .  S u p p o r t i n g  Research 

a. Test Equipment Design and Improvement 

(1) Redesign the dynamic apparatus cathode current 
collector. 

( 2 )  Redesign static test cells f o r  mincmum electrolyte 
studies. 

( 3 )  Design a pressurized cell for methyl formate 
electrolyte cells. 

These objectives were attained, or significant progress was 
made toward all objectives except those concerned with anode 
research and dynamic testing. 

3 



c. Dynamic Testing 

(1) Conduct dynamic electrolyte requirement 
evaluations 

3 .  Support ing  Research 

a. Test Equipment Design and Improvement 

(1) Redesign the dynamic apparatus cathode current 
collector. 

( 2 )  Redesign static test cells f o r  minimum electrolyte 
studies. 

( 3 )  Design a pressurized cell for methyl formate 
electrolyte cells. 

These objectives were attained, or significant progress was 
made toward all objectives except those concerned with anode 
research and dynamic testing. 
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11. TASK I - H I G H  ENERGY COUPLE RESEARCH 

A.  AQUEOUS ELECTROLYTE S T U D I E S  

1. Anode D e v e l o p m e n t  

I n  t h e  Mg/MgBrO(H20)/ACL-85cell., which was emphasized 

A l C 1 ,  e l e c t r o l y t e .  Hence, a po rous  anode i s  n o t  c r u c i a l .  However, 
expanded magnesium (Exmet) anodes were found t o  be  as  good as 
e i t h e r  s o l i d  o r  punched magnesium anodes ,  ( T a b l e  1) and e l e c t r o l y t e  
a d d i t i o n  was eas ies t  t h r o u g h  t h e  expanded mater ia l .  
Exmet Mg was c o n t i n u e d  t h i s  qua r t e r .  

. 

I 
t h i s  q u a r t e r ,  a n o d e g a s i i n g  i s  less o f  a problem t h a n  it  i s  w i t h  

The u s e  o f  

I '  

I 

TABLE 1 

EFFECT OF T Y P E  OF Mg O N  CELL D I S C H A R G E  

S e p a r a t o r  Wet B e f o r e  A s s e m b l y  - 2 . 5  m l  
M g B r 2  E l e c t r o l y t e  - 0 . 1  a m p / i n L  D i s c h a r g e  

C a t h o d e  C o u l o m b i c  T h e o r e t i c a l  C a p a c i t y  

C e l l  N o .  Mg E f f i c i e n c y  % (amp-mi  n )  

Exmet  51 8 4 5 8 5 - 1  

- 6  Punched 50 

-8  Punched 43 

38 - 7  Sol i d  

The coulombic e f f i c i e n c y  i n  
be  u s e d  as  a f i g u r e  o f  merit .  The c 
g i v e n  r e l a t i v e  t o  t h e  amount of ACL- 
P r o c e s s i n g  l o s s e s  are  n o t  i n c l u d e d .  
a p p e a r  lower  t h a n  i n  p r e v i o u s  r e p o r t  
however ,  because  of  t ape  v a r i a t i o n  w 
c a t h o d e  m i x e s  c o n t a i n i n g  e l e c t r o l y t e  

29.7  

3 0 . 1  

3 2 . 6  

29 .8  

t h e  tab les  i n  t h i s  r e p o r t  c a n  
oulombic e f f i c i e n c i e s  are 
85 i n c o r p o r a t e d  i n  t h e  t a p e .  

T h i s  c a u s e s  t h e  r e s u l t s  t o  
s .  T h i s  p r o c e d u r e  i s  used ,  
i t h  t i m e ,  e s p e c i a l l y  w i t h  

s a l t s .  

2 .  C a t h o d e  D e v e l o p m e n t  - C o n s t a n t  C u r r e n t  T e s t  R e s u l t s  W i t h  
ACL-85 C a t h o d e s  

a .  I n t r o d u c t i o n  

Dur ing  t h i s  q u a r t e r ,  we changed o u r  s t a t i c  t e s t i n g  
I method from one employing c o n s t a n t  c u r r e n t  t o  one u s i n g  cons tan t  



v o l t a g e .  
While t h e  r e s u l t s  from b o t h  t e s t i n g  methods c o n t r i b u t e  t o  o p t i -  

t o  a v o i d  c o n f u s i o n .  

T h i s  w a s  done to more n e a r l y  approximate  dynamic t e s t s .S  

I m i z a t i o n  o f  t h e  ca thode ,  t h e  data are separated i n  t h i s  r e p o r t  

b .  Tape P r e p a r a t i o n  

Tapes f o r  s t a t i c  t e s t s  a r e  p r e p a r e d  by mixing t h e  d r y  
components, add ing  t r i c l o r o e t h y l e n e ,  and p r e s s i n g  t h e  s l u r r y  on 
t h e  s e p a r a t o r .  T h i s  g e n e r a l  method was adopted  because  o f  i t s  
r e p r o d u c i b i l i t y ,  and because  o f  i t s  p o s s i b l e  e x t e n s i o n  t o  con- 
t i n u o u s  t a p e s  f o r  dynamic e v a l u a t i o n .  The e f f e c t s  o f  t h e  mixing 
v a r i a b l e s ,  p r e s s u r e  and b l o t t i n g  v a r i a b l e s  i n  d e s c r i b e d  i n  
S e c t i o n  I11 ( A )  and i n  t h e  t a b l e  of  da ta  i n  t h e  Appendix. 

P r e p a r a t i o n  t e c h n i q u e s  were evolved  d u r i n g  t h i s  q u a r t e r ,  
s t a r t i n g  w i t h  hand-cast  t a p e s ,  which were a i r -d r i ed ,  w i t h  and 
w i t h o u t  p r e s s u r e  between p o l y e t h y l e n e  o r  b l o t t i n g  p a p e r .  
t h e  d i s c h a r g e  of t e n  b a t c h e s  o f  these  t a p e s ,  t h e  method was 
changed to accommodate a d i e  and Carver  press, and t h e  method 
was s t a n d a r d i z e d  a t  1 1 0  p s i  w i t h  b l o t t i n g  p a p e r .  T h i s  method 
gave  t a p e s  o f  un i form t h i c k n e s s  w i t h  smooth s u r f a c e s .  The 
p r e s s u r e  a p p l i e d  to the  tes t  c e l l  d u r i n g  d i s c h a r g e  was se t  w i t h  
s p r i n g  clamps and s t a n d a r d i z e d  a t  4 p s i .  The mixing o f  t h e  d r y  
powders was accomplished by Waring Blendor  f o r  one minu te ,  o r  
f o r  l a r g e  b a t c h e s ,  by a Pa t t e r son-Ke l l ey  t w i n  s h e l l  b l e n d e r  
w i t h  i n t e n s i f i e r  bar f o r  30 minutes .  

After  

c .  E l e c t r o l y t e  S t u d i e s  

I (1) P o s i t i o n  of  Add i t ion  

It i s  p o s s i b l e  t o  add e l e c t r o l y t e  to t h e  c e l l  i n  
I two ways:  t h rough  t h e  expanded magnesium, o r  d i r e c t l y  t o  t h e  

c a t h o d e .  It i s  a l s o  p o s s i b l e ,  a t  l e a s t  i n  t h e  s t a t i c  t e s t ,  t o  
add e l e c t r o l y t e  d i r e c t l y  t o  t h e  s e p a r a t o r  b e f o r e  a s sembl ing  t h e  
c e l l .  The r e s u l t s  of  t h e s e  tes ts  are  shown i n  T a b l e  2 .  

The r e s u l t s  show that  a d d i t i o n  of  e l e c t r o l y t e  th rough  
t h e  c a t h o d e  r e q u i r e s  e x c e s s  e l e c t r o l y t e .  A d d i t i o n  th rough  t h e  
expanded Mg was as e f f e c t i v e  as a d d i t i o n  to t h e  s e p a r a t o r  b e f o r e  
a s sembly .  E l e c t r o l y t e  a d d i t i o n  th rough  t h e  anode was adopted  
b e c a u s e  i t  was r e p r o d u c i b l e ,  c o n v e n i e n t ,  and a p p l i c a b l e  t o  
dynamic t e s t s  w i t h o u t  s e p a r a t i n g  anode and ca thode  t a p e s .  

( 2 )  E l e c t r o l y t e  Type 

I The e f f e c t  of e l e c t r o l y t e  t y p e  and c a t h o d e  p r o c e s s i n g  
v a r i a b l e s  can be  r e a d i l y  ana lyzed  i n  c o n s t a n t  c u r r e n t  expe r imen t s .  
I n  t e s t s  84572-3,4, t h e  e f f e c t  o f  e x c e s s  a c i d  was checked. I n  
t e s t  84572-3, 6 ml of 1 . 5  M A l C 1 3  p l u s  0 . 5  M MgC12 was used  t o  

5 



T a b l e  2 

E F F E C T  OF E L E C T R O L Y T E  P L A C E M E N T  O N  TAPE DISCHARGE 

Vol 
ml 

2.5 

2.5 

2.5 

- 

2.5 
+1 . o  

2.5 

2.5 

2.5 

E l e c t r o l y t e  
Ce l l  No. Placement 

C a p a c i t y  
amp-mi n 

Cou 1 ombi  c 
E f f i c i e n c y  % 

84585-3 Mg 29.6 49 

-5  Mg 

-1 S e p a r a t o r ,  
d i r e c t  

30 .8  41 

29.7 51 

- 4  Cathode 30.7 30 
53 

84586-2 

-3  

30 .8  

31 . O  

52 

45 S e p a r a t o r ,  
d i r e c t  

- 4  Cathode 31.2 25 

Table  3 

E F F E C T  OF H z O  O N  C E L L  DISCHARGE 

0 . 5  arnp/in2 

Vol Capac i ty  Cou 1 omb i c 
C e l l  No. E 1 e c  t r o l  y t e  ml amp-mi n E f f i c i e n c y  % - 
84572-6 1 . 5  AlCl, 

0.5  MgC12 
2.0 28.0 34 

1 . 5  AlC1, 4 .0  29.6 54 -7  
0 .5  M g C 1 2  

-8 1 . 5  AlCl,  

-9 0 .75  AlCl, 

0 . 5  MgC12 

0 .25 MgC12 

6.0 

5.0 

2 7 . 9  

26.6 

69 

58 

6 



a c t i v a t e  t h e  t a p e .  The ca thode  coulombic e f f i c i e n c y  was 62%.  
I n  t e s t  84572-4, 4 m l  o f  1 . 5  M AlCl, + 0 .5  M MgC1, was used  and 
2 . 0  ml of conc. H C 1  was added a f t e r  t h e  t e s t  was abou t  one-half  
complete .  I n  t h i s  t e s t  t h e  e f f i c i e n c y  dropped t o  49%. Hence, 
more a c i d  was n o t  r e q u i r e d  t o  a c h i e v e  h i g h e r  c a p a c i t i e s .  

The tes t s  i n  Tab le  3 show water t o  be t he  n e c e s s a r y  
f a c t o r  i n  A l C 1 3  s M g C 1 2  e l e c t r o l y t e .  

The e f f e c t  of v a r i o u s  a c i d  and n e u t r a l  e l e c t r o l y t e s  
have a l s o  been  ana lyzed .  Some o f  these r e s u l t s  are shown i n  
Table  4 .  

Table  4 

E F F E C T  O F  E L E C T R O L Y T E  TYPE O N  DISCHARGE E F F I C I E N C Y  

0.1 a m p / i n 2  

Vol Capac i ty  C o u l o m b i c  
Cel l  No. E l e c t r o l y t e  - ml amp-mi n E f f i c i e n c y  % 

84575-2 1.5M A l C l ,  3 .O 23.0 
0.5M MgC12 

47 

- 3  2M MgBr2 3 .O 26.1 40 

- 4  2M MgC12 3.0 22.6 39 

- 5  2M Mg(C104)2 2.5 26.0 37 

84579-9 1.5M AlC13 2.5 32.2 
0.5M MgCl;, 

50 

-4  2M MgBr2 2.5 32.4 50 

-6 2M MgC12 2.5 31.4 45 

84582- 10  2M MgBr2 2.5 29.1 48 

- 7  2M MgC12 2 .5  31.2 52 

90001-3 2 M  K E F 2  2.5 3 0 . 7  

84593-5 2M HBF4*  2.0 29.8 
+1 .o 

* 0 . 5  a m p / i n 2  

7 
I 

2 2  

25 
35 



The r e s u l t s  i n d i c a t e  t h a t  a t  low c u r r e n t  d r a i n  rates 
there  i s  no advantage  i n  u s i n g  a c i d  e l e c t r o l y t e s ,  as i n d i c a t e d  
by coulombic e f f i c i e n c y .  Vo l t ages  are  h i g h e r ,  however, f o r  a c i d i c  
sys tems ( e .g . ,  Tape 84579-9, E=2.26 v o l t s  and 84579-4, F=1.96 v o l t s ) .  
Because a c i d i c  e l e c t r o l y t e s  cause  v i g o r o u s  anode g a s s i n g  and c a t h o d e  
decomposi t ion ,  emphasis was p l a c e d  on t h e  u s e  o f  n e u t r a l  e l e c t r o l y t e s  
t h i s  q u a r t e r .  
MgC12 and Mg(ClOi)2 are s l i g h t .  MgBr2 was chosen  as o u r  s t a n d a r d  
n e u t r a l  e l e c t r o l y t e .  

A s  s e e n  from T a b l e  4 ,  t h e  d i f f e r e n c e s  between MgBrz ,  

( 3 )  Acid F l u o r i d e  E l e c t r o l y t e s  

The u s e  o f  a c i d i c  f l u o r i d e  i o n  e l e c t r o l y t e s  has been 
s u g g e s t e d  to d e c r e a s e  t h e  chemical  decomposi t ion  of  ACL-85, s i n c e  
t h e  e q u i l i b r i u m  OH 

i N P' c 1 h  9, N,c 1 
1 + 3 x c i  A &IOH o" NAo + 3 H X  - 

HO t.1 

would n o t  f a v o r  ACL-85 decomposi t ion  w i t h  HF f o r  HX.  HBFI, and 
KHFz were tes ted because  H F - H z O  was t o o  r e a c t i v e  w i t h  magnesium. 
With KHF2 there  was a pronounced v o l t a g e  maximum i n d i c a t i n g  t ha t  
MgC12 produced by t h e  r e a c t i o n  was a b e t t e r  e l e c t r o l y t e  t h a n  t h e  
KHF2 ( T a b l e  4 ) .  Although t h e r e  was no maximum w i t h  HBFI, e l e c t r o -  
l y t e ,  t h e  coulombic e f f i c i e n c y  (Tape 84593-5) w a s  i n f e r i o r  t o  
t h o s e  o b t a i n e d  w i t h  MgBr2 and A1C13-MgCl2 e l e c t r o l y t e s .  

ACL-85 i s  known t o  decompose i n  a c i d i c  s o l u t i o n  t o  
N C l 3 .  T h i s  p r o c e s s ,  i n  a d d i t i o n  t o  C l z  f o r m a t i o n ,  might con- 
t r i b u t e  to p r o c e s s i n g  l o s s e s  and would b e  a c c e l e r a t e d  by HF as 
w e l l  as HC1-containing e l e c t r o l y t e s .  A g a s  sample was t a k e n  o f  
a tape wet ted  w i t h  AlC13-MgC12 e l e c t r o l y t e .  I n f r a r e d  a n a l y s i s  
showed no N C S a b s o r p t i o n  i n  t h i s  sample. N C 1 3 ' h a s  a n  a b s o r p t i o n  
peak a t  652 cm-l ( R e f .  1). The lower  l i m i t  o f  d e t e c t i o n  i s  n o t  
known, however, s i n c e  t h e  e x t i n c t i o n  c o e f f i c i e n t  i s  no t  g i v e n  i n  
t h e  l i t e r a t u r e .  

d .  Wet t ing  Agents 

A t t e m p t s  were a l s o  made to improve wet-out c h a r a c t e r i s t i c s  
o f  t h e  t a p e s  by i n c l u d i n g  ace tone  o r  p - t o l u e n e s u l f o n i c  a c i d  i n  
t h e  e l e c t r o l y t e  t o  promote w e t t i n g  o f  t h e  carbon.  Nei ther  r e a g e n t  
i n h i b i t e d  the e l e ~ t ~ o d e  i-eactioii, and tile f i rs t  t e s t  w i t h  1% 
a c e t o n e  (Tape 90001-5) i n d i c a t e d  a d e f i n i t e  improvement i n  over -  
a l l  per formance .  However, it does  no t  appear t ha t  a c e t o n e  r e d u c e s  
t h e  e l e c t r o l y t e  r equ i r emen t .  p -Toluenesul fonic  a c i d  has v e r y  
l i t t l e  e f f e c t  on performance (Tape 90001-4,6).  

R e f  a 1. G ,  E.  Moore and R .  
6076 ( 1 9 5 2 ) .  

PI. Badger ,  J .  Am Chem. S O C . ,  7)+ ,  
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Table 5 

E F F E C T  OF WETTING AGENTS O N  T A P E  DISCHARGE 

E l e c t r o l y t e  Add i t ive  Vol Capac i ty  
( t o  2M MgBr2) - ml amp-mi n 

Coul ombi  c 
E f f i c i e n c y  % Cel l  N o .  

90001-5 1 %  a c e t o n e  2 .5  
+1 .o 

31 .O 

27.6 

68 
71 

-8 1 %  ace tone  2.0 
+1.5 

48 
62 

-10  1 %  a c e t o n e  

2% a c e t o n e  

2.0 25.6 

27.8 

58 

-7 2.5 
+1 .o  

49 
58 

90005-1 1 %  a c e t o n e  2 . 1  
+1 .o 

25.6 56 
62 

-12 2.0 
+1 .o 

32.3  43 
56 

none 

90001 -6 1 %  p-TSA 

1 %  p-TSA 

2 .5  
+1 .o 

28.8 

27.4 

30 .4  

54 
61 

- 4  1 . 5  
+0.6 

33 
62 

90005-10 1 . 4  
+1 .o 

32 
61 

none 

p-TSA=p- to luenesul fonic  a c i d  

F u r t h e r  work on w e t t i n g  a g e n t s  i s  a n e c e s s i t y .  

e .  S e p a r a t o r  S t u d i e s  

Three s e p a r a t o r s  were t e s t e d  w i t h  o u r  s t a n d a r d  Mg/MgBr2/ 
ACL-85 sys t em.  The r e s u l t s  shown i n  Tab le  6 ,  i n d i c a t e  t h a t  t h e  
s e p a r a t o r  material  does  n o t  a f f e c t  t h e  e f f i c i e n c y  under  t h e  re- 
a c t i o n  c o n d i t i o n s .  

? 



Table 6 

EFFECT OF SEPARATOR ON CELL DISCHARGE 

Vol Capacity Cou 1 ombi c 
Cell N o .  Separator ml amp-min Efficiency % 

84590-7 Dynel 2.0 17.9 61 

-2 Nylon 2.0 15.3 60 

-4 Polypro- 2.0 18.3 
pyl ene 

6 2  

The use o f  Dynel separator is being continued. 

f .  Cathode Composition and  P r e p a r a t i o n  

I n  t h e  expe r imen t s  t h i s  q u a r t e r  on tape  compos i t ion  and 
t a p e  prepara t ion ,many v a r i a b l e s  were changed and s i m p l e  com- 
p a r i s o n s  a re  d i f f i c u l t  t o  make. From t h e  data i n  Tab le  7 ,  i t  i s  
e v i d e n t  t h a t  d e c r e a s i n g  carbon b l a c k  (Shawinigan a c e t y l e n e  b l a c k )  
c o n t e n t  o r  s u b s t i t u t f n g  g raph i t e  (Micro-6) f o r  ca rbon  does  n o t  
n o t i c e a b l y  d e c r e a s e  t h e  e l e c t r o l y t e  r e q u i r e m e n t .  While c e r t a i n  
o t h e r  v a r i a b l e s  were a l so  changed d u r i n g  t h i s  s t u d y ,  w e  f ee l  
t h e  r e s u l t s  i l l u s t r a t e  t h e  e f f e c t  o f  a change i n  carbon compos i t ion .  

Table 7 
EFFECT O F  CARBON ON Mg/ACL-85 CELL DISCHARGE 

A1C13.MgC12 0.5 amp/in 

SAB Graphite Vol Capacity Coulombic 
Cell No. % % ml amp-mi n Efficiency % 

84553-1 30 0 4.0 38.2 39 

84572-2 30 0 2.0 26.7 4 3  

84556-2 18 c! 4.0 28.1 33 

84556-6 18 0 2.0 23.6 3 2  

84559-6 15 15 4.0 29.8 40 

84559-3 15 15 2.0 37.2 17 

3.0 



g.  E l e c t r o l y t e  Sa l t s  i n  t h e  Cathode Mix 

By add ing  t h e  hygroscopic  s a l t  c r y s t a l s  ( A 1 C 1 3  MgC12, - 
MgBr2) t o  t h e  ca thode  mix, i t  was hoped t h a t  t h e  a c t i v a t i o n  of  
t h e  tape would be easier and more complete .  I n  t h i s  c a s e ,  less 
e l e c t r o l y t e  s o l v e n t  (water) should b e  needed t o  a c t i v a t e  t h e  
t a p e .  
of t h e  t a p e s ,  a l t h o u g h  t h e  amount o f  w a t e r r e q u i r e d  t o  a c t i v a t e  
t h e  t a p e s  was n o t  s i g n i f i c a n t l y  less than when t h e  sal ts  were 
added i n  s o l u t i o n .  Unfo r tuna te ly ;  t h e  ACL-85 ca thodes  a p p e a r  t o  
decompose on s t a n d i n g  more r a p i d l y  when s a l t s  are p r e s e n t .  Nor- 
mal loss of a c t i v e  c h l o r i n e  dur fng  t a p e  p r e p a r a t i o n  i s  about  1 0 % .  
When A l C 1 3 * H 2 0  (vacuum dr ied ,  hydrated c r y s t a l )  was i n c o r p o r a t e d  
i n t o  t h e  ca thode  mix ,  t h e  a c t i v e  c h l o r i n e  l o s s  was 33% (Tape 84572).  
Using MgC12, a c t i v e  c h l o r i n e  l o s s  i n  p r o c e s s i n g  was 1 6 %  (Tape 845961, 
and w i t h  MgBr2 t h e  loss was 21% immediately and 32% a f t e r  24  hour s .  
S i n c e  t h e  r e s u l t s  v a r y - b e c a u s e  o f  ACL decomposi t ion ,  and s i n c e  no 
s i g n i f i c a n t  improvement i n  o p e r a t i o n  was n o t i c e d ,  t h i s  approach  
t o  w e t t i n g  improvement has  been abandoned. Some r e p r e s e n t a t i v e  
d i s c h a r g e  data are g i v e n  i n  Tab le  8. 

Add i t ion  of t h e  s a l t s  d i d  improve t h e  w e t t i n g  c h a r a c t e r i s t i c s  

Cel l  No. 

84597-5 

-2 

84596-2 

-1 

9005-12 

84593-1 

-4 

Table 8. 

E F F E C T  O F  T H E  INCORPORATION O F  E L E C T R O L Y T E  - .  - .. 
INTO T H E  C A T H O D E  MIX 

S a l t  i n  
Tape 

MgBr2 

none 

none 

none 

Act i v a t  i n g  
So lven t  

H20 

h.  F i b e r  Content 

H20 

H20 

Capaci ty  
amp-mi n 

25.5 

24.4 

30.8 

28.0 

32.3 

28.6 

26.3 

Coulombic * 
E f f i c i e n c y  % 

46 

64 

36 

43 

43 

25 

59 

Carbon f i b e r s  have b e e n  used  p r e v i o u s l y  i n  o u r  ca thode  
They were used  p r i m a r i l y  t o  g i v e  added mechanical  i n t e g -  mixes.  

r i t y  t o  t h e  t a p e .  The use  o f  b e t t e r  wicking a g e n t s ,  however, 
s h o u l d  be c o n s i d e r e d  s i n c e  w e t t i n g  of  t h e  carbon w i t h  minimum 

11 



q u a n t i t i e s  o f  e l e c t r o l y t e  i s  a problem. A comparison was made 
between ca rbon ,  a s b e s t o s ,  and paper p u l p .  The r e s u l t s  are shown 
i n  Table  9 .  

T a b l e  9 

EFFECT OF F I B E R  TYPE ON Hg/ACL-85 
CELL DISCHARGE 

2M MgBr2 

T y p e  o f  V o l  C a p a c i t y  C o u l o m b i c  
C e l l  No. F i b e r  - m l  amp-mi n E f f i c i e n c y  % 

90008-2 C a r b o n  2.0 27.6 35 

90005-1 2 C a r b o n  2.0 32.3 
3.0 

90007-1 A s b e s t o s  2.0 25.4 
3.0 

90011-11 P a p e r  2.0 34.1 
3.0 

43 
56 

38 
46 

25 
61 

90011-21 P a p e r  3.0 33.9 61 

The a p p a r e n t  wet-out of t a p e s  w i t h  p a p e r  p u l p  was s u p e r i o r  
t o  t h a t  w i t h  carbon f i b e r  o r  a s b e s t o s .  With s u f f i c i e n t  e l e c t r o l y t e  
f o r  comple te  wet-out ,  t h e  d i s c h a r g e  d f  t a p e s  do r i t a in lng  pape r  p u l p  
was a l s o  s u p e r i o r .  

i. Gas E v a l u a t i o n  i n  t h e  Mg/ACL-85 System 

T e s t s  u s i n g  t h e  g a s - t i g h t  c e l l  (Tab le  10) des igned  f o r  
m e t h y l  fo rma te  e l e c t r o l y t e  (See  I V )  were i n f e r i o r  t o  t h o s e  u s i n g  
t h e  s t a n d a r d  open c e l l .  T h i s i n d i c a t e s  t h a t  g a s  p o l a r - i z a t i o n  ‘is 
i m p o r t a n t  even  w i t h  MgBr2, e l e c t r o l y t e .  It had been hoped t ha t  
there  would be improvement because  o f  less  e l e c t r o l y t e  l e a k a g e  
and e v a p o r a t i o n .  

The tape i n  t h e  c l o s e d  c e l l  were a c t i v a t e d  b e f o r e  c e l l  
assembly, and t h e y  appeared q u i t e  w e t ,  even w i t h  1 . 0  m l  o f  
e l e c t r o l y t e .  

3. C a t h o d e  D e v e l o p m e n t  - C o n s t a n t  V o l t a g e  T e s t  R e s u l t s  W i t h  
ACL-85 C a t h o d e s  

a .  V o l t a g e  C o n t r o l l e d  Discharge  

12 



I n  p r e v i o u s  expe r imen t s ,  c u r r e n t  c o n t r o l  has been employed 
s i n c e i t  i s  t h e  most conven ien t  v a r i a b l e  t o  m a i n t a i n  c o n s t a n t .  
However, s i n c e  t h e  c u r r e n t  c o l l e c t o r  p l a t e s  o f  a dynamic t e s t  are 
a t  c o n s t a n t  v o l t a g e ,  and s i n c e  t h e  t i m e  v a r i a b l e  can be c o n v e r t e d  
t o  d i s t a n c e x s p e e d - l ,  s t a t i c  v o l t a g e - c o n t r o l l e d  expe r imen t s  would 
be more e a s i l y  c o r r e l a t e d  w i t h  dynamic t es t s .  From t h e  s t a t i c  
v o l t a g e - c o n t r o l l e d  exper iment ,  t h e  l e n g t h  o f  c o l l e c t o r ,  and t h e  
p o s i t i o n  of e l e c t r o l y t e  a d d i t i o n  i n  dynamic t e s t s  can be e v a l u a t e d .  
The mathemat ica l  d e t a i l s  o f  a c o n s t a n t  v o l t a g e  d i s c h a r g e  are 
g i v e n  i n  t h e  Appendix. Vo l t age  c o n t r o l  of t h e  tape  d r i v e  has 
been c o n s i d e r e d  f o r  dynamic o p e r a t i o n .  T h i s  cou ld  a s s u r e  con- 
t i n u o u s ,  c o n s t a n t  v o l t a g e  d i s c h a r g e ,  and would a l l o w  f a s t  s t a r t - u p  
c a p a b i l i t y  and e f f i c i e n t  u t i l i z a t i o n  o f  a c t i v e  materials.  

Vo l t age  c o n t r o l  of  a b a t t e r y  d i s c h a r g e  i s  also t h e  most 
advantageous  method of  d i s c h a r g e .  The s i t u a t i o n  can b e  compared 
t o  c o n s t a n t  c u r r e n t  v s  c o n s t a n t  v o l t a g e  coulometry .  Using con- 
s t a n t  v o l t a g e ,  t h e  c u r r e n t  d r a i n  i s  g r e a t e s t  when t h e  most mat- 
e r i a l  i s  a v a i l a b l e .  A s  material i s  used  u p , t h e  c u r r e n t  d e c r e a s e s .  
By c o n t r o l l i n g  t h e  v o l t a g e  e x t e r n a l l y  ( b y  l o a d  o r  t ape  s p e e d ) ,  
t h e  g r e a t e s t  p e r c e n t a g e  of  t h e  a v a i l a b l e  power shou ld  be o b t a i n e d .  
Also l e s s  chemica l  loss shou ld  occur  w i t h  v o l t a g e  c o n t r o l ,  s i n c e  
t h e  e l e c t r o c h e m i c a l  r e a c t i o n  can compete more e f f e c t i v e l y  w i t h  
t h e  chemica l  s ide  r e a c t i o n s .  

Vo l t age  c o n t r o l  of  a c e l l  can b e  ach ieved  by t h e  c i r c u i t  
diagrammed i n  F i g u r e  1. 

R 1  I 
P .  s .  

'I 

R 1  = 500Q,10 t u r n  
R 2  = 0 . 7 ~ ,  3 amp max 
R 3  = 5 amp/50 mv L + N s h u n t  res5stDr 
Rec = Var ian  G11 r e c o r d e r  se t  a t  30 mv.. 
P .S .  = H a r r i s o n  Labora to ry  6203 Cons tan t  Curren t /Cons tan t  

Vo l t age  Power Supply 
V = Weston v o l t m e t e r , 3  v o l t s  + 2% 

Figure  1 .  C i r c u i t  Diag ram 
The r e s u l t s  of t e s t s  u s i n g  t h i s  a p p a r a t u s  are shown i n  

t h e  Appendix as w e l l  as i n  Table  11. The magnitude o f  t h e  d i s -  
c h a r g e  v o l t a g e  i n  t h e  1 . 7  - 2 . 2  v o l t  r ange  was found n o t  t o  be 
a c r i t i c a l  f a c t o r  i n  de t e rmin ing  t h e  coulombic e f f i c i e n c y .  



T a b l e  1 0  

EFFECT OF A CLOSED CELL O N  T A P E  D I S C H A R G E  

2M MgBr2 

V o l  C a p a c i t y  C o u l o m b i c  
C e l l  No. C e l l  Type - m l  amp-mi n E f f i c i e n c y  % 

90005-2  C l o s e d  1 .0  2 0 . 6  1 0  

- 1 1  C l o s e d  2.0 29 .0  25 

-1  Open 2 .1  25 .6  56 

- 1 2  Open 2.0 32.3 43 

T a b l e  1 1  

EFFECT OF OPERATING VOLTAGE O N  TAPE D I S C H A R G E  

2M MgBr2  

C e l l  No. 
C a p a c i t y  C o u l o m b i c  

v o l t s  E l e c t r o l y t e  v o l  amp-min E f f i c i e n c y  % 

90016* -7  1 . 7  

- 5  1.9  

- 3  2 .0  

- 4  2.1 

9002  1'-3 2.0 
, 

- 5  2.1 

l -  

- 4  2 .2  

- 7  2 .2  

- 6  2 .4  

1 . 5  

1 . 5  

1 . 5  

1 . 5  

1 . 5  

1 . 4  

1 .4  

1 .4  

1 . 4  

28.3 48  

27.6 47 

28 .0  51 

30 .0  3 6  

28.9 54 

27.8 47 

28.2 45  

27 .1  3 8  

25.0 1 6  

I * 50  m i n  c u t - o f f ,  e l e c t r o l y t e  added  i n  one b a t c h  
+ 

I 0 . 0 6  amp c u t - o f f ,  e l e c t r o l y t e  added  i n  i n c r e m e n t s  



Two (2.0) v o l t s  was set as the standard operating voltage. 
This voltage appeared t o  be optimum for these tests. 
was used in the cathode types in place of carbon fibers because 
of the improvement in tape wet-out characteristics. 

Paper pulp 

b. Aqueous Energy Densities 

The results of the best discharge achieved thus far 
(88 watt-hr/lb) are given in Table 12. This table indicates 
dramatically the effect of electrolyte weight on the energy 
density. In this test all of the electrolyte was added at one 
time . 

T a b l e  1 2  

CELL 90011-2 -20  M g / 2 M  MgBr j /ACL-85  

C e l l  W e i g h t s  

Anode - Mg Exmet  

Grams 

0 .60  

S e p a r a t o r  - Dyne1 0.08 

E l e c t r o l y t e  - 2.0 m l  o f  2M MgBr2 2.60 

C a t h o d e  - ACL-85 
S A B  
P a p e r  P u l p  

0.83 
0.38  
0.04 
4 .55  

E l e c t r i c a l  C h a r a c t r i s t i c s  - 100 m a  c u t - o f f  ( 8 0  m i n )  

A v g .  Amperage 1 = 0 .11  arnp / in2  

V o l t a g e  E = 2 .0  v o l t s  

A r e a  A = 3 .0  i n 2  

E n e r g y  E = 53.5 w a t t - m i n  

E n e r g y  d e n s i t y  = 8 8  w a t t - h r / l b  

C o u l o m b i c  c a p a c i t y  ( c a t h o d e )  = 3 4 . 7  amp-min 
C o u l o m b i c  e f f i c i e n c y  ( c a t h o d e )  = 7 7 %  

1.5 



c .  I n c r e m e n t a l  Addi t ion  o f  E l e c t r o l y t e  

The i n c r e m e n t a l a d d i t i a n  o f  2M MgBr$e lec t ro ly t e  w a s  tested w i t h  
t h e  c o n s t a n t  v o l t a g e  d i s c h a r g e  method u s i n g  s e v e r a l  v a r i a t i o n s  
i n  i n c r e m e n t a l  amounts. With l e s s t h a n  0.7, m l  o f  e l e c t r o l y t e  
on 3 i n 2 , p r a c t i c a l l y  no d i s c h a r g e  was s u s t a i n e d  (Table  1 3 ) .  

Table  13 

E F F E C T  OF I N C R E M E N T A L  ( 2 . 0  VOLTS) E L E C T R O L Y T E  
ADDITION O N  T A P E  DISCHARGE 

E l e c t r o l y t e  V o l .  Capac i ty  Coulombic I n i t i a l  
C e l l  No.  ml amp-mi n E f  f i c i en c y ,  % Cu r ren t ,,amp, 

90018-3  0 . 6  i n i t i a l  2 9 . 9  - 
1 . 6  t o t a l  83  

-6 0.7 
1 . 3  

9001 1 - 1 - 1 2 1 .o 
1 . 2  

- 1 - 1 0  1 . 3  
1 . 7  

90024-4  1 .o  
1 . 4  

- 5  1 . 4  s i n g l e  

2 6 . 1  - 
6 2  

0 . 1  

0.6 - 
2 4 . 4  - 1 . 2  

56 - 
2 5 . 8  - 

60 
1 . 6  
- 

2 8 . 5  - 0 . 5  
58 - 

28 .1  40  1 . 5  

Use o f  m u l t i p l e  a d d i t i o n s  improved t h e  coulombic e f f i c i e n c y  
and ene rgy  d e n s i t i e s .  Ce l l  N o .  90018-3 ach ieved  88 wat t -hr / lb  
(as  d i d  c e l l  90011-2-20, T a b l e  1 2 ) .  The c u r r e n t  neve r  exceeded 
0.8 ampere i n  t h i s  t e s t .  

Acid e l e c t r o l y t e s  of v a r i o u s  c o n c e n t r a t i o n s  were tes ted  
i n  a n  a t t e m p t  t o  i n c r e a s e  t h e  energy d e n s i t i e s .  However, a c i d  
e l e c t r o l y t e s  appea r  t o  o f f e r  no advan tages  o v e r  MgBr;! ( T a b l e  1 4 ) .  
Somewhat h i g h e r  v o l t a g e s  may be r e a l i z e d  i n  a c i d i c  e l e c t r o l y t e s ,  
b u t  t h e  e l e c t r o l y t e  r equ i r emen t s  are  h i g h e r  f o r  t h e  a c i d i c  
s y s t e m s .  T h i s  a p p e a r s  t o  be  due t o  v a p o r i z a t i o n  o f  t h e  e l e c t r o -  
l y t e  by g a s s i n g  magnesium. 
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I T a b l e  1 4  

I EFFECT OF A C I D  ELECTROLYTE ON CELL DISCHARGE 

V o l  V o l t a g e  C a p a c i t y  C o u l o m b i c  
C e l l  No. E l e c t r o l y t e  - ml v o l t s -  amp-.min E f f i c i e n c y  % 

900 1 1 - 1 - 6* 0 . 5  +A 1 C 1 3 2.0 2.0 3 0 . 9  41 

90011-1-7*  MgBr2 2.0 - 2 . 0  28.0 68  

90029-3'  1 . 5  A1C13 2.5  2.3 27 .6  50 

1.5 A1C13 2.5  2.0 29.9 4 8  

1 . 5  A N Y 3  2.5 2.3 27.6 27 
0 . 5  HC1 

-12' 1.0 A l C 1 3  1 . 5  2.3 29.4 28  

1 -  
1 . 5  MgC12 

0.5  MgC12 
+ - 2  

0 .5  MgC12 
+ - 6  

1.0 MgBr2  2 . 0  43 

0 . 8  A1C13 1 . 5  2.0 29.5 22 
1 . 2  MgBr2  2.0 41 

0 . 5  A l C 1 3  1 . 5  2.0 30 .3  1 4  
1 .5  MgBr2  2.0 3 9  

-1  M o r 2  1 . 5  2.0 29.1 57 
2.0 65 

+ -8 

+ - 9  

+ 

* 50 m i n  c u t - o f f  
+ 0 . 0 6  amp c u t - o f f  

t M o l a r i t y  

d.  Non-Gassine E l e c t r o l v t e s  

I n  magnesium b a t t e r y  t e c h n o l o g y ,  Mg(C10,)2 i s  found t o  
cause  t h e  anode t o  gas  l ess  than does MgBr2. Furthermore,  sat-  
u r a t i o n  o f  t h e  e l e c t r o l y t e  w i t h  MgO d e c r e a s e s  t h e  gas  - e v o l u t i o n  
s t i l l  f u r t h e r .  Mg g a s s i n g  can be f u r t h e r  dec reased  by u s i n g  a 
LiCrO,, i n h i b i t o r  i n  Mg(C10,)2. With these  "non-gassing" e l e c t r o -  
l y t e s  t h e  tapes  appeared t o  wet w i t h  l e s s  e l e c t r o l y t e  t h a n  tha t  
used  f o r  MgBra. However, d i s c h a r g e s  w i t h  these e l e c t r o l y t e s  
were n o t  improved ( T a b l e  1 5 ) .  More exper iments  are needed i n  
t h i s  area t o  de t e rmine  t h e  e f f e c t i v e n e s s  of t h e  "non-gassing" 

17 ~ 



I e l e c t r o l y t e s .  These advantages  i n  a f i n a l  d e s i g n ,  however, are 
I obvious .  ~ 

T a b l e  1 5  

EFFECT OF "NON-GASSING" ELECTROLYTES ON TAPE DISCHARGE 

2 . 0  v o l t s  

V o l  C a p a c i t y  C o u l o m b i c  
C e l l  No. E l e c t r o l y t e  - m l  amp-min E f f i c i e n c y  % 

9 0 0 2 1 - 9  M9( c 1 0 4  2 *MgO 1 . 2 5  2 7 . 1  23  

-10 M g ( C 1 0 4 ) 2 - L i C r 0 4  1 . 2 5  2 7 . 9  3 7  

- 1 1  MgBr2 1 . 4 0  2 7 . 4  4 6  

4 .  C a t h o d e  D e v e l o p m e n t  - H y p o c h l o r i t e  D e p o l a r i z e r s  

L i O C l  and C a ( O C 1 ) 2  t a p e s  were prepared f o r  s t a t i c  eva lu -  
a t i o n  i n  aqueous e l e c t r o l y t e s .  The L i O C l  t a p e s  burned s lowly  i n  
a i r  as t h e  t r i c h l o r o e t h y l e n e  evapora t ed .  We assume t h i s  i s  due 
t o  a r e a c t i o n  o f  Shawinigan a c e t y l e n e  b l a c k  w i t h  t h e  h i g h  p u r i t y  
L i O C l  (72% L i O C 1 ,  Foo te  Minera l  Co. ) .  The C a ( O C 1 ) 2  t a p e s  a l s o  
l o s t  c o n s i d e r a b l e  a c t i v i t y  d u r i n g  p r o c e s s i n g  [ C a ( O C l ) ; - H T H  
O l i n ,  70% C a ( O C 1 l 2 ,  70% a v a i l a b l e  c h l o r i n e ] .  The c h l o r i n e  con- 
t e n t  d e c r e a s e d  from 70% t o  51%. Tests were r u n  on t h e s e  t a p e s  
u s i n g  b o t h  a c i d i c  [A1Cl3-MgCl2, a t  0 . 1  amp/in.2] and n e u t r a l  
CMgBr2, a t  0 . 1  and 0 . 5  amp/in.'] e l e c t r o l  t e s .  The o n l y  suc-  
c e s s f u l  t e s t  was w i t h  MgBr2 a t  0 . 1  amp/in.{, and t h e  e f f i c i e n c y  
i n  t h i s  t e s t  was o n l y  10%. 

F u r t h e r  work i n  t h i s  area depends on f i n d i n g  c o n d u c t i n g  
s u b s t r k t e s  t h a t  do n o t  r e a c t  w i t h  h y p o c h l o r i t e ,  o r  c a t a l y z e  
h y p o c h l o r i t e  decompos i t ion .  

5 .  C a t h o d e  D e v e l o p m e n t  - L i q u i d  C a t h o d e s  

The u s e  of a l i q u i d  c a t h o d e  m a t e r i a l  has been sug- 
g e s t e d  as a mod i f i ed  d r y  t ape  system. It i s  presumed t h a t  t h e  
anode  and s e p a r a t o r  would move, and remove r e a c t i o n . p r o d u c t s  
f rom t h e  r e a c t i o n  s i t e .  Work was s t a r t e d  on t h e  Mg/MgBr~/Br2 
s y s t e m  u s i n g  t h e  s t a t i c  c e l l  w i th  v o l t a g e  c o n t r o l .  The v o l t a g e  
was set  a t  2 . 0  v o l t s ,  and a 3 t o  1 MgBr2(2M)/Br2 s o l u t i o n  was 
added t o  a SAB ca rbon  ca thode  th rough  a p l a t i n u m  s c r e e n .  The 
r e s u l t s  o f  t h i s  t e s t  a r e  shown i n  T a b l e  16.. 
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Table 16 

M g / M g B r 2 / B r 2  L I Q U I D  C A T H O D E  T A P E  SYSTEM 

2.0 v o l t s  

T h e o r e t i c a l  Actual  
V o l  Capaci ty  Capac i ty  C ou 1 omb i c 
- ml amp-mi n amp-mi n E f f i c i e n c y  % Watt-hr/ l  b 

1.5 22.2 2.46 1 1  15 
+1 . o  36.9 5.54 

+ 1 5  0 51.6 8.76 

1 5  

1 7  

29 

36 

~ 66.3 11.84 18 39 +1.0 

The exper iment  was h a l t e d  a f t e r  f o u r  a d d i t i o n s  o f  B r 2  
It was a p p a r e n t  t h a t  t h e  Mg anode was t h e  l i m i t i n g  s o l u t i o n .  

f a c t o r  i n  t h i s  expe r imen t .  
a t  t h e  end o f  t h e  t e s t .  
sumably improve f u r t h e r  i n  a dynamic t e s t ,  s i n c e  f resh Mg would 
be s u p p l i e d  c o n t i n u o u s l y  and hold-ups o f  a d d i t i o n  by t h e  carbon 
ca thode  would n o t  be  a s i g n i f i c a n t  f a c t o r  i n  t h e  l o n g  t e r m  t e s t .  
The above energy  d e n s i t i e s  r e f l e c t  t h e  weight  o f  t h e  tape i n -  
c l u d i n g  ca thode  e l e c t r o l y t e .  I n  t h e  above t e s t ,  t h e  e l e c t r o l y t i c  
r e a c t i o n  was f a s t  and a 0 . 0 6  amp cu t -o f f  was used  b e f o r e  a d d i t i o n  
o f  more Brz s o l u t i o n .  The a d d i t i o n  o f  f o u r  inc remen t s  w a s  
completed (to 0 . 0 6  amp) i n  65 min. 

It was a lmos t  comple t e ly  d i s s o l v e d  
The coulombic e f f i c i e n c y  would p re -  

F u r t h e r  work i n  t h i s  a r e a  would u s e  a dynamic sys t em and 
a porous  ca rbon  b l o c k  as t h e  ca thode .  KBr  might be used  i n  
p l a c e  o f  MgBri because  of  g r e a t e r  complexing o f  B r 2  by K B r .  
c o n c e n t r a t e d  B r 2  s o l u t i o n s  could t h e n  be  used .  

More 
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I .  

B. NONAQUEOUS E L E C T R O L Y T E  S T U D I E S  

1 .  Anode Devlopment 

P r e v i o u s  ha l f  c e l l  and f u l l  c e l l  t es t s  have i n d i c a t e d  t h a t  
o u r  l 5 - m i l  l i t h i u m  r i b b o n  anodes show o n l y  s l i g h t  p o l a r i z a t i o n s .  
For  t h i s  r e a s o n ,  no change was made i n  t y p e  o f  anode t h i s  
q u a r t e r .  The r i b b o n  was p r e p a r e d  by e t c h i n g  w i t h  methanol  and 
s c r a p i n g  u n t i l  Tape 85363 was p r e p a r e d ,  a t  which t i m e  t h e  
p r o c e d u r e  was changed t o  t h e  use o f  l i t h i u m  as r e c e i v e d ,  We 
f e l t  t h a t  t h e  methanol  e t c h  was i n t r o d u c i n g  more problems t h a n  it 
was s o l v i n g ,  

2. Nonaqueous Cathode Development 

a ,  ACL-70@, ACL-85@, and CuF? 

T h i s  q u a r t e r  t h e  nonaqueous r e s e a r c h  program was 
d i r e c t e d  toward minimiz ing  t h e  t o t a l  c e l l  we igh t ,  i n c l u d i n g  
e l e c t r o l y t e .  T h i s  r e q u i r e d  a g a s - t i g h t  c e l l  because  o f  t h e  hagh 
vapor  p r e s s u r e  of me thy l  f o r m a t e  and it  a l s o  r e q u i r e d  a method f o r  
a d d i n g  e l e c t r o l y t e  u n i f o r m l y ,  The f i rs t  approach  was t o  u s e  t h e  
c e l l  d e s i g n e d  f o r  e x c e s s  e l e c t r o l y t e  t es t s ,  and t h e n  t o  seal  
t h e  c e l l  i n  a p o l y e t h y l e n e  bag i n  t h e  g l o v e  box. Cathodes o f  
ACL-70, ACL-85, and CuF2 were d i s c h a r g e d  i n  t h i s  manner. 
R e s u l t s  are shown i n  T a b l e  1 7 0  

The ACL-70 d i s c h a r g e  was t h e  bes t  o f  t h e  three  sys tems.  
However, from t h e  e l e c t r o l y t e  volumes r e q u i r e d  f o r  d i s c h a r g e  
( e s p e c i a l l y  Tape 85359) ,  i t  was e v i d e n t  t h a t  a more t i g h t l y  
f i t t e d  and s e a l e d  sys tem was r e q u i r e d ,  T h e r e f o r e ,  t h e  new 
v a p o r - t i g h t  c e l l  d e s c r i b e d  i n  S e c t i o n  IV, ( A !  was des igned  and 
c o n s t r u c t e d .  

D i scha rge  as a f u n c t i o n  of  e l e c t r o l y t e  volume i n  t h i s  
c e l l  i s  shown i n  F i g u r e  2.  The a d d i t i o n  of  a n  e x t r a  0.8 m l  of  
e l e c t r o l y t e  t o  t h e  l 0 5  ml r u n  ( C e l l  85371) d i d  n o t  r e s u l t  i n  
any  i n c r e a s e  i n  c e l l  c a p a c i t y .  S i x  c e l l s  have been d i s c h a r g e d  
a t  0 . 1 0  amp/ inO2  u s i n g  1 , 2  ml o f  e l e c t r o l y t e .  The a v e r a g e  
c a p a c i t y  above 2.0 v o l t s  was 7.75 amp-min, w i t h  a n  ave rage  
d e v i a t i o n  of 0.47 amp-min, The i n i t i a l  c a p a c i t y  o f  e a c h  c e l l  
was 20.3 amp-mine It i s  s i g n i f i c a n t  t h a t  most o f  t h e  r ema in ing  
c a p a c i t y  i s  i n  t h e  t a p e  when it i s  d i sa s sembled  ( 8 , O  amp-min 
i n  C e l l  No. 85372) .  

After  c o l l e c t i n g  t h e  above data it was f e l t  t h a t  o t h e r  
s y s t e m s  cou ld  t h e n  b e  t e s t e d  and compared i n  a l i m i t e d - e l e c t r o l y t e  
c e l l ,  LiPF6 and LiBF,., were p repa red  as methyl  fo rma te  
s o l u t i o n s ,  The c o n d u c t i v i t i e s  were 0 . 1 3  x ohm-l cm-l f o r  
s a t u r a t e d  (xOy3M) LiPF6 and 0.48 x ohm-l cm’l f o r  1M LIBF4. 
No d i s c h a r g e  c o u l d  be  o b t a i n e d  w i t h  LiPF6(MF) f o r  Li/ACL-70. 
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For  L i B F 4 ,  v o l t a g e s  o f  t h e  Li/ACL-70 c e l l  were as good as  w i t h  
L i C l O h ( M F ) .  However, t h e  c a p a c i t y  was low (5.4 amp-min above 2.0 V 
a t  0 .1  amp/in.2 d i s c h a r g e  r a t e ,  Tape 85385. .  

b. L i th ium D i c h l o r o i s o c y a n u s a t e  

A l i t h i u m  sa l t  o f  d i c h l o r o i s o c y a n u r i c  a c i d  was s u p p l i e d  
t o  u s  by Monsanto Company and was t e s t ed  i n  t h e  l i m i t e d  
e l e c t r o l y t e  c e l l .  The d i s c h a r g e  v o l t a g e  ( C e l l  No. 85393) was 
lower t h a n  f o r  t h e  ACL-70 c e l l s  and t h e  c a t h o d e  e f f i c i e n c y  was 
n o t  improved ( 3 7 % ) .  

C .  L i th ium HvDochlori te  

L i O C l  was tes ted ,  u s i n g  KPF6 as the e l e c t r o l y t e  i n  methyl  
fo rma te  i n  t h e  l i m i t e d  e l e c t r o l y t e  c e l l .  The c e l l  would n o t  
o p e r a t e  above 0 .02  amp/in.2 and o n l y  0.3 amp-min cou ld  be 
o b t a i n e d  a t  t h i s  d r a i n  r a t e .  
o n l y  0.3 amp-min o f  c a p a c i t y  remained. We now s u s p e c t  t h a t  t h e  
L i O C l  decomposi t ion  was n o t  caused  by s o l u b i l i t y  i n  t h e  e l e c t r o -  
l y t e  and r e a c t i o n  w i t h  l i t h ium,  b u t  r a the r  by decomposi t ion  o f  
L i O C l  i n  t h e  ca thode  mix. 

After d i s a s s e m b l i n g  t h e  c e l l ,  

d. Li/ACL-70 Energy D e n s i t i e s  

After  d e m o n s t r a t i n g  t h a t  o u r  Li/ACL-70 r e s u l t s  were 
r e l a t i v e l y  r e p r o d u c i b l e ,  a t t e m p t s  were made t o  i n c r e a s e  t h e  energy  
d e n s i t y  by d e c r e a s i n g  t h e  amount o f  ca rbon  b l a c k ,  carbon f i b e r s ,  
and e l e c t r o l y t e  on t h e  ACL-70 system. The r e s u l t s  d i s c u s s e d  are 
shown i n  F i g u r e  3. It was shown t h a t  ca rbon  b l a c k  cou ld  b e  
r educed  t o  0 .10  g/O.65 g o f  ACL-70 ( C e l l  No. 85383) .  A d e c r e a s e  
i n  c u r r e n t  d e n s i t y  on t h i s  f o r m u l a t i o n  ( C e l l  No. 85389) 
improved b o t h  t h e  v o l t a g e  and the  e f f i c i e n c y ,  and i n c r e a s e d  t h e  
ene rgy  d e n s i t y  from 77 t o  108 wa t t -hour s / lb .  A c u r s o r y  a n a l y s i s  
o f  t h e  data f o r  c a l c u l a t i n g  energy  d e n s i t i e s  showed t h a t  a 
s i g n i f i c a n t  improvement s h o u l d  be  made by m e r e l y  i n c r e a s i n g  the  
weight  o f  t h e  c a t h o d e  w h i l e  keeping  s e p a r a t o r  and l i t h i u m  
w e i g h t s  c o n s t a n t .  

By i n c r e a s i n g  t h e  ca thode  weight  and keep ing  t h e  area 
c u r r e n t  d e n s i t y  c o n s t a n t ,  t h e  volume c u r r e n t  d e n s i t y  was d e c r e a s e d  
and v o l t a g e s  and c a t h o d e  c a p a c i t i e s  were a g a i n  improved. 
No. 85388 has a c a l c u l a t e d  energy d e n s i t y  o f  1 4 4  wa t t -hour s / lb .  
The data from t h i s  c e l l ,  o u r  b e s t  t o  date ,  are shown i n  T a b l e  18 .  

C e l l  

T h i s  c e l l  was assembled i n  a d r y  box. The ca thode  and s e p a r a t o r  
were w e t  by s y r i n g e  and t h e  c e l l  was assembled and p r e s s e d  w i t h  
a 1 0  l b  we igh t ,  which remained i n  p o s i t i o n  d u r i n g  t e s t i n g .  
U n f o r t u n a t e l y ,  t h e  v a r i a b l e s  involved  i n  p r e p a r i n g  a c e l l  i n  t h i s  
manner are  such  t h a t  as y e t  we have n o t  been ab le  t o  r ep roduce  
t h i s  r e s u l t .  From o u r  a t t e m p t s  t o  g a i n  r e p r o d u c i b i l i t y  w i t h  
t h i s  sys tem,  it has become e v i d e n t  t h a t  many poor  d i s c h a r g e s  

23 
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T a b l e  1 8  

CHARACTERISTICS OF CELL 85388  

L i / L i C 1 0 b ( M F ) / A C L - 7 0  

C e l l  W e i g h t  

Anode - L i t h i u m  R i b b o n  0 .30  g 

S e p a r a t o r  - 3 m i l  P o l y p r o p y l e n e  0 . 0 5  

E l e c t r o l y t e  - 1 . 9  m l  1 - M L i C I O I ,  i n  MF 2.02 

C a t h o d e  - ACL-70 
SA0 
CF 

1 .30  
0 . 2 0  
0 .10  
3.97 g 

E l e c t r i c a l  C h a r a c t e r i s t i c s  a t  2.0 v o l t  c u t - o f f  

Ave.  v o l t a g e  E = 3 . 1 8  v o l t s  ( 1 5 8  m i n u t e s )  

C u r r e n t  D e n s i t y  I = 0 .05  a m p / i n . 2  

A r e a  A = 3.0 i n . 2  

E n e r g y  E = 75.3  w a t t - m i n  

E n e r g y  d e n s i t y :  144 w a t t - h r / l b  

C o u l o m b i c  c a p a c i t y  ( c a t h o d e )  40 .6  amp-min 

C o u l o m b i c  e f f i c i e n c y  ( c a t h o d e )  58% 
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are caused by poor lithium, separator, and cathode contact. 
There have been instances in which the lithium, or the cathode, 
or both were mottled in appearance after discharge. When both 
are mottled the patterns are the same. In one test (Cell 85399) 
light and dark areas were cut from the cathode with a cork 
borer, and each section was analyzed for active chlorine. The 
white area had, as expected, three times as much undischarged 
ACL-70 as the dark area. 
prepare more uniform cathodes, and preparing the cell in such a 
way that it can be activated after assembly. Continuous heavy 
pressure after activation merely compresses the cathode and 
squeezes out electrolyte. 

Hence, we are now attempting to 

Effective utilization of the electrolyte is a significant 
problem in obtaining a good discharge performance. This 
problem is evidenced by the further discharge when electrolyte 
is added after the initial discharge is complete (Cell No. 90806-2). 
However, to obtain this improvement,the cathode must be scored 
to facilitate electrolyte penetration since the surface of the 
cathode becomes hard during discharge. 
cathode efficiency rose from €he’initial 37% to 57%. This again 
indicates the importance of cathode formulation and activAtion 
variables on the achievement of high energy densities. 

Using this method, 

2 6  



111. T A S K  11. T A P E  C E L L  C O N F I G U R A T I O N  

A .  T A P E  C E L L  P R E P A R A T I O N  

1 .  S t a t i c  Tape Cells 

The f a b r i c a t i o n  and t e s t i n g  o f  a t a p e  c e l l  i n v o l v e s  many 
v a r i a b l e s .  Each v a r i a b l e  a f f e c t s  t h e  c e l l  performance i n  some 
manner. S i n c e  c e l l  r e p r o d u c i b i l i t y  i s  n e c e s s a r y  i f  t h e  
optimum combina t ion  o f  v a r i a b l e s  i s  t o  be r e a l i z e d ,  an  e f f o r t  
was made t o  s t a n d a r d i z e  the de t a i l s  o f  e v e r y  s t e p  i n  t h e  tape 
p r e p a r a t i o n  p r o c e s s .  The p rocedures  d e s c r i b e d  below r e l a t e  t o  
t h e  p r e p a r a t i o n  o f  aqueous s t a t i c  t e s t  c e l l s .  

a. P r e s s u r e  

(1) Cathode Formation 

The ca thode  s l u r r y  i s  p r e s s e d  between a s e p a r a t o r  and 
heavy b l o t t i n g  p a p e r  i n  a d i e  a t  1 1 0  l b / i n . 2  f o r  f i v e  seconds .  

( 2 )  C e l l  Formation 

J u s t  b e f o r e  a t e s t  run ,  t h e  e n t i r e  c e l l  i s  p r e s s e d  
a t  200  l b / i n . 2  f o r  two minu tes  t o  i n c r e a s e  c e l l  c o n t a c t .  

( 3 )  T e s t  P r e s s u r e  

T e s t  p r e s s u r e  i s  ma in ta ined  w i t h  s p r i n g  clamps a t  
2 l b / i n . 2 .  

b.  Ellending Method 

A s t u d y  o f  b l e n d i n g  methods showed t h a t  t h e  exposure  
of ACL-85 t o  metal par ts  lowered t h e  a v a i l a b l e  a c t i v e  c h l o r i n e .  
Mixing, t h e r e f o r e ,  i s  now done i n  a glass  a p p a r a t u s .  

c .  Carbon Drying 

Before  u s e ,  Shawinigan a c e t y l e n e  b l a c k  i s  d r i e d  a t  135OC/ 
1 mm H g  f o r  24  hour s .  It i s  then  s t o r e d  i n  a d e s i c c a t o r  o v e r  
a d r y i n g  a g e n t .  

d. ACL-85' 

ACL-85 i s  used  as r e c e i v e d  from Monsanto Company. 
B l e v a t e d  t e m p e r a t u r e s  o r  vacuum d r y i n g  would r educe  t h e  a c t i v e  
c h l o r i n e  c o n t e n t .  



e ,  T r i c h l o r o e t h y l e n e  

A Baker "Analyzed" g rade  o f  t r i c h l o r o e t h y l e n e  ( 0  003% water) 
i s  now b e i n g  used  as  t h e  ca thode  s l u r r y  s o l v e n t .  

f .  Cathode Drying 

After  p r e s s i n g  t h e  ca thodes  (see "arr a b o v e ) ,  t h e  d r y i n g  
p r o c e s s  i s  completed i n  a vacuum d e s i c c a t o r  a t  1 mm Hg/room 
t e m p e r a t u r e  f o r  16 hours .  The c a t h o d e s  are s t o r e d  i n  t h e  d e s i c c a t o r  
under  n i t r o g e n  a t  a tmosphe r i c  p r e s s u r e  u n t i l  used .  
t a p e s  are p r e p a r e d  a t  one t i m e  i n  o r d e r  t o i a v o i d  l o n g  p e r i o d s  b e f o r e  
u s e  

Only e igh t  

g .  Paper  Pulp 

Two p e r  c e n t  pape r  pu lp  i s  b e i n g  used  i n  p l a c e  o f  carbon 
f i b e r s  t o  promote ca thode  w e t t i n g .  
i n  a Waring Blendor  and s t o r e d  i n  a d e s i c c a t o r  o v e r  a d r y i n g  
a g e n t  u n t i l  used .  

Whatman f i l t e r  pape r  i s  shredded 

h. S e p a r a t o r s  

Two Dyne1 s e p a r a t o r s  are used  i n  each  t es t  c e l l .  

i. E l e c t r o l y t e  

(1) P r e p a r a t i o n  

The 2 M  MgBr2 s o l u t i o n  i s  c u r r e n t l y  b e i n g  p r e p a r e d  and 
used  u n t i l  a n  a d d i t i o n a l  q u a n t i t y  i s  needed. 
f resh  s o l u t i o n  w i l l  be  made weekly. 

I n  t h e  f u t u r e ,  a 

Add i t ion  

Equal  amounts o f  e l e c t r o l y t e  are added from a mic robure t  
t h r o u g h  e a c h  of  t h e  1 5  h o l e s  i n  t h e  s t a t i c  t e s t  c e l l  t o p  p l a t e ,  
S i n c e  t h i s  takes about  f o u r  minu tes ,  t h e  c e l l  i s  p l a c e d  under  
l o a d  b e f o r e  t h e  a d d i t i o n  i s  s t a r t e d  i n  o r d e r  t o  r educe  ACL-85 
a c t i v a t i o n  l o s s e s .  

2': Dynamic Tape Cel l s  

The a p p a r a t u s  f o r  t h e  p r e p a r a t i o n  of  machine-made tapes  was 
r e a c t i v a t e d .  The p i s t o n  powered ca thode  mix e x t r u d e r  would n o t  
work w i t h  ACL s l u r r i e s  a s  i t  had w i t h  KZOb mixes ,  Rather  t h a n  
p u t t i n g  a uni form f i l m  on t h e  s e p a r a t o r  p r i o r  t o  r o l l i n g ,  t h e  
p i s t o n  squeezed t h e  s o l v e n t  f r o m  t h e  mix l e a v i n g  a n  ACL cake i n  
t h e  p i s t o n  compartment, Many v a r i a t i o n s  i n  ca thode  mix 
c o n s i s t e n c y  d i d  n o t  s o l v e  t h e  problem. 
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A new method f o r  m i x  a d d i t i o n  was i n v e s t i g a t e d .  T h i s  
method u t i l i z e s  v i b r a t i o n  a d d i t i o n .  P r e l i m i n a r y  expe r imen t s  
i n d i c a t e  t h a t  good tapes can be made u s i n g  t h i s  new a d d i t i o n  
p rocedure .  Four-foot tapes w i t h  mechanica l  p r o p e r t i e s  e q u a l  t o  
t h o s e  o f  t h e  p r e v i o u s l y  p repa red  KKO4 t a p e s  were made. 

B .  DYNAMIC TEST APPARATUS 

1 .  D y n a m i c  T e s t i n g  

Some dynamic t es t s  were made w i t h  hand-cast  t a p e s  p r i o r  
t o  t h e  s u c c e s s f u l  p r e p a r a t i o n  of c a t h o d e s  by machine.  A l l  
t hese  t e s t s  ended when t h e  t a p e  became t o o  w e t  and broke  under  
s t r a i n ,  o r  when s o  much s p e n t  t a p e  remained on t h e  c u r r e n t  
c o l l e c t o r  s u r f a c e  t h a t  new t a p e  cou ld  n o t  make s u f f i c i e n t  c o n t a c t  
t o  s u s t a i n  a d i s c h a r g e .  High c u r r e n t s  were obse rved  o n l y  when 
t h e  ca thode  s t u c k  t o  t h e  c u r r e n t  c o l l e c t o r .  

B e s t  r e s u l t s  were o b t a i n e d  when t h e  tape was b a r e l y  
dampened. I n  t h i s  c o n d i t i o n  t h e  tape remained i n t a c t  and t h e  
c o l l e c t o r  p l a t e  s t a y e d  r e a s o n a b l y  c l e a n ,  The s toppage  of  e l e c t r o -  
l y t e  f l o w  th rough  some of  t h e  c o l l e c t o r  h o l e s  caused  a n o t h e r  
problem. T h i s  l e d  t o  e r r a t i c  t o t a l  c u r r e n t s  and t o  even more 
e r r a t i c  changes i n  p a r t i a l  c u r r e n t s  ( c u r r e n t s  t h rough  each  
c o l l e c t o r  s e c t i o n ) .  We hope t o  improve t a p e - t o - c o l l e c t o r  c o n t a c t  
and t o  e l i m i n a t e  t h e  s l o u g h i n g  o f f  and tape b r e a k i n g  by u s i n g  a 
r o l l i n g  c u r r e n t  c o l l e c t o r ;  i . e . ,  l e t t i n g  t h e  tape  r o l l  ove r  a 
r o t a t i n g  d i s c  ( s e e  Task  111). I n  t h i s  d e s i g n  e l e c t r o l y t e  w i l l  
be fed  t o  t h e  tape o n l y  as it e n t e r s  t h e  c o l l e c t o r ,  u n l e s s  
s t a t i c  t e s t s  a t  c o n s t a n t  v o l t a g e  i n d i c a t e  a d e c i d e d  advantage  t o  
i n c r e m e n t a l  a d d i t i o n s  of e l e c t r o l y t e .  A s i n g l e  a d d i t i o n  can  be 
more e a s i l y  c o n t r o l l e d .  

I n  one dynamic t e s t ,  t h e  tape was t u r n e d  ove r  so  t h a t  
e l e c t r o l y t e  would e n t e r  t h rough  t h e  po rous  anode.  The anode 
would n o t  wick up t h e  e l e c t r o l y t e ,  however, and no c u r r e n t  cou ld  
be drawn. T h i s  t e s t  was made because s t a t i c  r e s u l t s  i n d i c a t e d  
t h a t  e l e c t r o l y t e  a d d i t i o n  through t h e  anode was preferab le  t o  
a d d i t i o n  th rough  t h e  ca thode .  

2 .  S t a t i c  T e s t i n g  on t h e  C u r r e n t  C o l l e c t o r  of t h e  
D y n a m i c  App a r a t u s  

S e v e r a l  s t a t i c  t e s t s  were r u n  on t h e  dynamic a p p a r a t u s  
t o  e v a i u a t e  v a r i o u s  c u r r e n t  c o l l e c t o r  d e s i g n s  and t o  de t e rmine  
t h e  n e c e s s a r y  t es t  p r e s s u r e s  and e l e c t r o l y t e  f low r a t e s ,  The 
r e s u l t s  are  l i s t e d  i n  T a b l e  1 9 ,  

The i n i t i a l  r e s u l t s , s h o w e d  t h a t  c o n t r o l  o f  c u r r e n t  gave 
data o f  l i m i t e d  v a l u e  s i n c e  many c e l l s  f a i l e d  t o  o p e r a t e  a t  
p o t e n t i a l s  above Mg/H20 v a l u e s ,  For  t h i s  r e a s o n ,  t h e  p o t e n t i a l  
was f i x e d  a t  2 . 0  v o l t s  f o r  t h i s  series o f  t e s t s .  



The results show that approximately 1 1b/ino2 is 
necessary for adequate tape-current collector contact 
(Cell 83876, 83878), Vacuum drying of the cathode improved 
cell performance (Cell 838821, as did elimination of the PVF 
binder (83881-3, 83882-1). 
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IV. TASK 1 1 1 .  SUPPORTING R E S E A R C H :  
TEST EQUIPMENT DESIGN A M D  IMPROVEMENT 

A .  STATIC TEST C E L L  H O L D E R S  

1 .  I n t r o d u c t i o n  

D i f f e r e n t  d e s i g n  f e a t u r e s  are r e q u i r e d  f o r  aqueous and 
non-aqueous c e l l  h o l d e r s .  P r o v i s i o n s  must be made to remove t h e  
hydrogen evo lved  from a n  aqueous Mg anode ,  w h i l e  a c e l l  u s i n g  
methyl  f o r m a t e  s o l v e n t  must be  made vapor  t i g h t  t o  keep t h i s  low 
b o i l i n g  material (32OC) from e v a p o r a t i n g .  

The s t a t i c  c e l l s  used  e a r l i e r  i n  t h i s  work were no t  de- 
s i g n e d  f o r  u s e  w i t h  small amounts of  e l e c t r o l y t e ,  and were i n -  
a d e q u a t e  when t h e  l i m i t e d  e l e c t r o l y t e  s t u d i e s  were begun t h i s  
q u a r t e r  . 

Cells c a p a b l e  o f  u t i l i z i n g  1 t o  2 m l  o f  e l e c t r o l y t e  were 
needed,  ra ther  t h a n  t h e  6 m l  c e l l s ,  which were a v a i l a b l e  f rom 
t h e  e x c e s s  e l e c t r o l y t e  work. S e v e r a l  c e l l s  o f  d i f f e r e n t  d e s i g n  
were c o n s t r u c t e d  t o  o p t i m i z e  t h e  e f f i c i e n t  u s e  of  e l e c t r o l y t e  
w i t h  b o t h  aqueous and non-aqueous t a p e s .  

2. Aqueous S t a t i c  Tape C e l l  H o l d e r s  

S e v e r a l  d e s i g n s  were c o n s i d e r e d ,  and t h r e e  bas ic  h o l d e r s  
were c o n s t r u c t e d .  The f i rs t  two d i d  n o t  work p r o p e r l y  because  
of d e s i g n  problems t h a t  cou ld  o n l y  b e  found th rough  a c t u a l  t e s t s .  
The t h i r d  d e s i g n  worked v e r y  w e l l  and p romises  t o  b e  a v e r y  
e f f i c i e n t  minimum e l e c t r o l y t e  c e l l  h o l d e r .  The t o p  p l a t e  i s  a 
l / 4 x l  3/16x3 i n c h  p o l y e t h y l e n e  sheet c o n t a i n i n g  1 5  e q u a l l y  spaced  
1 /8- inch  diameter h o l e s .  Cemented t o  t h e  bot tom of t h e  p l a t e  are  
f o u r  e q u a l l y  spaced  1/4x1/16 inch  l e n g t h w i s e  r u n n e r s ,  which a l l o w  
u n i f o r m  p r e s s u r e  t o  be a p p l i e d  to t h e  c e l l  anode and p r o v i d e  a 
s p a c e  f o r  any hydrogen evolved  t o  e s c a p e .  The bot tom p l a t e  i s  
a s o l i d  p o l y e t h y l e n e  b l o c k  f i t t e d  w i t h  a p i e c e  o f  p l a t i n u m  f o r  
t h e  c a t h o d e  c u r r e n t  c o l l e c t o r .  

The t a p e  c e l l  i s  assembled between these  two p l a t e s ,  
which are  h e l d  t o g e t h e r  by two 3-pound p r e s s u r e  s p r i n g  clamps.  
S e v e r a l  m o d i f i c a t i o n s  have b e e n  proposed  t o  i n c r e a s e  t h e  p r e s s u r e  
u n i f o r m i t y  even  more. 

3 .  Non-Aqueous S t a t i c  T a p e  C e l l  H o l d e r s  

A t  t h e  b e g i n n i n g  of our non-aqueous t e s t i n g  program, w e  
u sed  t h e  c e l l  h o l d e r s  t h a t  were a l s o  used  i n  o u r  aqueous e x p e r i -  
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ments .  A s  i n  t h e  aqueous work, these  h o l d e r s  were a d e q u a t e  as 
l o n g  as e x c e s s  e l e c t r o l y t e  expe r imen t s  were b e i n g  c a r r i e d  o u t .  
When l i m i t e d  e l e c t r o l y t e  expe r imen t s  were begun t h i s  q u a r t e r ,  i t  
was soon obv ious  t h a t  r a p i d  e v a p o r a t i o n - o f  m e t h y l  f o r m a t e  s o l v e n t  
was d e c r e a s i n g  c e l l  performance.  A "bag c e l l "  d e s i g n  was adop ted  
i n  which t h e  c e l l  was r u n  i n s i d e  a small p o l y e t h y l e n e  bag.  While 
t h i s  he lped ,  i t  d i d  n o t  s o l v e  t h e  e v a p o r a t i o n  problem. A new c e l l  
h o l d e r  d e s i g n  was needed.  

A vapor  t i g h t  c e l l  h o l d e r  was d e s i g n e d  and c o n s t r u c t e d .  

The new c e l l  i s  b a s i c a l l y  a p l a t i n u m  c o l l e c t o r  p l a t e  i n  
a po lypropy lene  w e l l ,  w i t h  a t i g h t  po lyp ropy lene  c o v e r .  T h e  
c a t h o d e  i s  p l a c e d  i n  t h e  w e l l ,  on t h e  p l a t i n u m ,  and it  i s  cove red  
by t h e  s e p a r a t o r .  E l e c t r o l y t e  i s  t h e n  i n t r o d u c e d ,  t h e  l i t h i u m  
s t r i p  i s  added ,  and po lypropy lene  c o v e r  i s  p l a c e d  o v e r  t h e  anode.  
A t a b  o f  l i t h i u m  e x t e n d s  o u t  of  t h e  c e l l  f o r  t h e  e l e c t r i c a l  con- 
n e c t i o n .  P r e s s u r e  i s  a p p l i e d  to t h e  c e l l  w i t h  two 3 pound s p r i n g s  
clamps.  While a small amount of' e v a p o r a t i o n  i s  s t i l l  a p p a r e n t ,  
t h e  problem has been  l a r g e l y  s o l v e d .  
been  much b e t t e r  s i n c e  w e  s t a r t ed  u s i n g  t h i s  c e l l .  

Data r e p r o d u c i b i l i t y  has 

The vapor  t i g h t  c e l l  i s  p i c t u r e d  i n  F i g u r e  4 .  

B .  P R E S S U R I Z E D  N O N - A Q U E O U S  T E S T  C E L L  

The e v a p o r a t i o n  of m e t h y l  f o r m a t e  from o u r  vapor  t i g h t  
c e l l  c a n  b e  r educed  f u r t h e r  by c o o l i n g  t h e  c e l l ,  or by i n c r e a s i n g  
t h e  a t m o s p h e r i c  p r e s s u r e  around t h e  c e l l .  We chose  to t r y  t h e  
l a t t e r  method s i n c e  w e  f e l t  t h a t  p r e s s u r e  had less  chance  o f  ad- 
v e r s e l y  a f f e c t i n g  t h e  e l e c t r o c h e m i c a l  r e a c t i o n  r a t e  and s i n c e  
c o o l i n g  i n s i d e  a d r y  box p r e s e n t s  some problems.  A p r e s s u r i z e d  
d e v i c e ,  large enough to c o n t a i n  o u r  vapor  t i g h t  t e s t  c e l l  h o l d e r ,  
was d e s i g n e d  and c o n s t r u c t e d  ( F i g u r e  4 ) .  P r e s s u r e s  up to 20 p s i  
w i l l  b e  m a i n t a i n e d  w i t h  a n  a rgon  gas s u p p l y .  The p r e s s u r e  c e l l  
w i l l  be  t e s t ed  d u r i n g  t h e  n e x t  month. 

C .  R O L L I N G  C U R R E N T  C O L L E C T O R  F O R  THE D Y N A M I C  A P P A R A T U S  

A s t a t i o n a r y  g r a p h i t e  b lock  i s  t h e  normal c a t h o d e  cu r -  
r e n t  c o l l e c t o r  on t h e  dynamic t e s t  a p p a r a t u s .  The f r i c t i o n  
deve loped  as t h e  t ape  i s  p u l l e d  o v e r  t h e  c o l l e c t o r  n e c e s s i t a t e s  
tile u s e  of' e x c e s s  e l e c t r o l y t e  a s  a l u b r i c a n t ,  and causes c rumbl ing  
o f  t h e  c a t h o d e .  
i n  which most of  t h e  f r i c t i o n  problems would be  e l i m i n a t e d ,  would 
overcome s e v e r a l  p roblems.  A r o l l i n g  g r a p h i t e  c u r r e n t  c o l l e c t o r  
a p p e a r e d  to have most o f  t h e  a t t r i b u t e s  c o n s i d e r e d  n e c e s s a r y .  A 
model has r e c e n t l y  been  c o n s t r u c t e d  ( F i g u r e  5 ) .  The r o l l e r s  are  
movable  and c a n  be  p l a c e d  wherever n e c e s s a r y  on t h e  t e s t  s t a n d .  
T h i s  d e v i c e  w i l l  be t e s t ed  i n  t h e  n e a r  f u t u r e .  

It was f e l t  t h a t  a new c o l l e c t o r  d e s i g n ,  one 
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F i g u r e  4. P r e s s u r i z e d  C e l l  f o r  Non-Aqueous T e s t s .  
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F i g u r e  5. R o l l i n g  C u r r e n t  C o l l e c t o r  f o r  t h e  D y n a m i c  T e s t  
A p p a r a t u s .  
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V .  FUTURE P L A N S  

A .  AQUEOUS S Y S T E M S  

1. The process for the preparation of machine-made 
cathodes will be improved. A vibrating slurry holder will be 
substituted for the piston-powered slurry addition device cur- 
rently used. 

2. The new rolling current collector for the dynamic 
apparatus will be tested with machine-made tapes. An electrolyte 
feed system for this current collector will be designed. 

3. The improtance of polymeric binders to cathode tape 
integrity will be evaluated. 

4. The most important variables in static tape repro- 
ducibility studies will be determined. 

5. Additional studies will be carried out  on the Mg/Br2 
liquid cathode tape system. 

B. NON-AQUEOUS SYSTEMS 

1. The newly constructed pressurized test cylinder will 
be evaluated. 

2. We will change from a constant current to a constant 
voltage discharge system. The results of this change will be 
evaluated on our best system, Li/Liclo~+(MF)/AcL-70. 

3. We will compare cells prepared from CuF2 dried with 
F2 and Argon. 

4. The effect of current collector materials on LiOCl 
decomposition will be determined. 
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A P P F N D l X  I 

A N A L Y S I S  O F  D R Y  T A P E  F U E L  C E L L  D I S C H A R G E  
( F L O W  S Y S T E M  B A T T E R Y  D I S C H A R G E )  

No a n a l y s i s  has p r e v i o u s l y  been made of  t h e  c u r r e n t  d i s -  
t r i b u t i o n  a l o n g  t h e  c u r r e n t  c o l l e c t o r  o f  a dynamic t a p e  d e v i c e .  A 
c u r r e n t  c o l l e c t o r  has been  b u i l t  t ha t  can  measure c u r r e n t s  i n  
segments o f  t h e  c o l l e c t o r  p l a t e .  T h i s  d e v i c e  can  show whether 
t h e  c u r r e n t  c o l l e c t o r  i s  s u f f i c i e n t l y  l o n g  and a l s o  whether t h e  
t a p e  i s  wet enough when i t  comes i n t o  c o n t a c t  w i t h  t h e  c o l l e c t o r .  
A l s o  o f  i n t e r e s t  i s  t h e  decay o f  c u r r e n t  as a f u n c t i o n  o f  d i s -  
t a n c e  a l o n g  t h e  c o l l e c t o r ,  and i t s  dependence on e l e c t r o c h e m i c a l  
and b a t t e r y  v a r i a b l e s .  For t h i s  a n a l y s i s  e q u a t i o n s  must be  de- 
r i v e d  f o r  t h e  c u r r e n t  d i s t r i b u t i o n  a l o n g  t h e  d r y  tape  c o l l e c t o r .  

The d r y  t ape  d e s i g n  o f  a b a t t e r y  encompasses a c o n s t a n t  
v o l t a g e  method o f  d i s c h a r g e .  The t i m e  v a r i a b l e  i s  conve r t ed  t o  
a d i s t a n c e  v a r i a b l e  a l o n g  t h e  c u r r e n t  c o l l e c t o r .  The m e t a l l i c  
c u r r e n t  c o l l e c t o r s  are  a t  uniform p o t e n t i a l s  and t h e  c u r r e n t  
d r a i n  th rough  v a r i o u s  p o s i t i o n s  o f  t h e  c o l l e c t o r  v a r i e s  a c c o r d i n g  
t o  t h e  a c t i v i t y  o f  t h e  e l e c t r o d e s  sandwiched between them. 

It w i l l  be  assumed i n  t he  f o l l o w i n g  c a l c u l a t i o n  t h a t  t h e  
anode p o t e n t i a l  does  n o t  v a r y ,  and t h a t  t h e  ca thode  p o t e n t i a l  de- 
c r e a s e s  due t o  c o n c e n t r a t i o n  p o l a r i z a t i o n ,  i . e . ,  d e c r e a s e  o f  
a c t i v e  material  i n  t h e  ca thode .  

We assume t h a t :  

where k i s  a r a t e  c o n s t a n t  ( s e c - l )  t h a t  can be  p o t e n t i a l  con- 
t r o l l e d  ( e . g . ,  k=k’ exp B q  o r  k = k ” n ,  where n i s  o v e r p o t e n t i a l ) .  
W e  w i l l  d e f i n e  Q as moles/cm2 o f  e l e c t r o a c t i v e  material  i n  a 
g i v e n  tape area i n  t h e  f l o w i n g  ca thode  sys tem.  S o l v i n g  t h e  
above d i f f e r e n t i a l  e q u a t i o n  g i v e s :  

Q = Q O  e x p ( - k t )  

D i f f e r e n t i a t i o n  ~ i t h  n n c n e n t  t.c! timej and c o n v e r s i o n  t o  u n i t s  of  
c u r r e n t - d e n s i t y  (amp/in:5j”gives a segment c u r r e n t  t i m e  p r o f i l e  o f :  

i = nFQok e x p ( - k t )  t 
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With a constant dry tape flow (velocity) of v(cm/sec) the 
current-distance profile is: 

i X = nFQok exp(-F 

Thus, we would expect the current to decay logarithmically 
with time or distance. 
would appear linear, as 

However, if k/v is small, then the decay 

ix = nFQok (1-7) kx 

The total current can be obtained by integrating over x - 
using an arbitrary limit of 1 for the collector length: - 

kl I = nFQDv[l-esp(--)l V 
For large and small values of kl/v this equation approximates 

I = nFQov (F >>1) 
I = nFQokl (7 kl <<1) 
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Attent ion:  3r. J a n  A 1  

Tyco Labs., Inc .  
Bear Hill 
Waltham, !ass. 
Attent ion  U. ii. Eiirnett  

Sonotone Corp. 
Saw M i l l  River  Rcad 
Elmsford, New 'r'ork 
A t t e n t i s n :  A .  Mundel 

Texas Instrunent .s ,  In?.  
135OO Ncrth Cent ra l  Expresswlg 
Dal las ,  Texas 
A t t e n t i s n :  Dr. I saac  Tracntep.ber.e: 

mamas A.  Cdis3n Ees. Lab. 
McGraw Edison C s .  
Watchung Ave. 
West Crange, New Je rsey  
Attent ion:  Dr. P. F. S r i e F e r  
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Thompson Ram0 Wooldridge, Inc.  
23555 Eucl id  Ave. 
Cleveland, Ohio 44117 
A t t e n t i o n :  L i b r a r i a n  

Union Carbide Corp. 
Development Lab. Library 
P.O. Box 6065 
Cleveland, Ohio 44101 
At t en t ion :  Miss C .  M. Foecking 

Un ive r s i ty  of C a l i f o r n i a  
Space Science Lab. 
Berkeley 4, C a l i f o r n i a  
At t en t ion :  D r .  C .  W. Tobias 

Un ive r s i  t y  of Pa. 
Electrochemistry Laboratory 
Ph i l ade lph ia ,  Pennsylvania 
Attent ion:  Prof .  J. O ' M .  Boclcris 

M .  S. Wright-Library 

Western Co . 
S u i t e  803, RCA Building 
Washington, D. C.  
Attent ion:  R. J.  Fiske 

Westinghouse E l e c t r i c  Corp. 
Res. and Development Center 
Churchi l l  Borough 
P i t t sbu rgh ,  Pennsylvania 
Attent ion:  Dr. A. Langer 

Yardney E l e c t r i c  Corporation 
40-50 Leonard S t r e e t  
New York, New York 
Attention: D r .  Paul Howard 


